New Ni-free bulk glassy alloys in the Ti 47:5 Zr 2:5þx Cu 37:5Àx Pd 7:5 Sn 5 (x ¼ 0; 5; 7:5) system were fabricated by copper mold casting with diameters from 1 to 3 mm, which are expected to be applied as biomaterials. The structure, thermal stability and corrosion resistance were investigated by X-ray diffraction, differential scanning calorimetry and electrochemical measurement, respectively. Surface information after immersion in Hanks' solution was also characterized by using XPS. The results indicate that the bulk glassy alloys examined are spontaneously passivated. By anodic polarization, they show the passive current densities between 10 À2 and 10 À3 A/m 2 . The higher corrosion resistance for the Ti-based bulk glassy alloys is attributed to the formation of stable and protective passive films enriched with titanium and zirconium.
Introduction
It is well known that titanium alloys have been applied as implant materials for many years due to high corrosion resistance and good biocompatibility of titanium. Bulk glassy alloys were rapidly developed in the past decades due to unique properties comparing with crystalline alloys, such as high strength, high elastic limit, low Young's modulus and excellent corrosion resistance. So far many Ti-based glassy alloys have been developed in Ti-Cu-Ni 1) base system. Based on the Inoue's three empirical rules, 2, 3) i.e., 1) multicomponent consisting of more than three elements, 2) significant atomic size mismatches above 12% among the main three elements, and 3) negative heats of mixing among the main elements, a series of Ti-based glassy alloys have been developed by adding some elements, e.g., Ti-Cu-NiCo, 4) Ti-Cu-Ni-Zr, 5) Ti-Cu-Ni-Zr-Sn, 6) Ti-Cu-Ni-Sn-BSi, 7) Ti-Cu-Ni-Sn-Be, 8) Ti-Cu-Ni-Zr-Be, 9) Ti-Cu-Ni-ZrHf-Si 10) and so on. But all the Ti-based bulk glassy alloys with good glass-forming ability include some toxic elements of Ni and/or Be, which can cause an allergy or other diseases, leading to the limitation of the application of Ti-based bulk glassy alloys in medical fields. Recently the Ti-based bulk glassy alloys without toxic elements were fabricated, expecting to be applied as biomaterials. In this paper, the formation and corrosion resistance in simulated body fluid of the new Nickel-free Ti 47:5 Zr 2:5þx Cu 37:5Àx Pd 7:5 Sn 5 bulk glassy alloys have been investigated.
Experimental Procedure
The alloys with nominal compositions of Ti 47:5 Zr 2:5þx -Cu 37:5Àx Pd 7:5 Sn 5 (x ¼ 0; 5; 7:5) were prepared by arc melting the mixture of pure metals (> 99:9 mass%) in an argon atmosphere. The bulk glassy alloys with diameters of 1 to 3 mm and length of 40 mm were prepared by injection casting into copper mold. For all tests the samples with the maximum size were chosen. The structure of the cast alloys was examined by X-ray diffraction (XRD) with Cu K radiation. Thermal stability was characterized by differential scanning calorimetry (DSC) under an argon atmosphere with a heating rate of 0.67 K/s. The samples for thermal analyzing were the bottom parts of the as-cast rod samples.
The corrosion behavior of the bulk glassy alloys was evaluated by electrochemical measurements. Prior to corrosion testing, the samples were mechanically polished in cyclohexane with silicon carbide papers up to frit 1500, degreased in acetone, washed in distilled water, dried in air and further exposed in air for 24 h. Each condition testing was performed at least three times for good reproducibility. Electrolyte used was Hanks' solution with pH 7.4 at 37 C open to air, which was prepared from reagent grade chemicals and deionized water. À3 V/s in Hanks' solution after immersing the specimens for 600 s, when the open-circuit potentials became almost steady. X-ray photoelectron spectroscopy (XPS) for the surface of the bulk glassy alloys after immersion in Hanks' solution at 37 C for 7 days were measured by means of a SSI SSX-100 photoelectron spectrometer with monochromatized Al K excitation (h ¼ 1486:6 eV). The vacuum of the specimen chamber for XPS measurements was ca. 7 Â 10
À8
Pa during the measurements. Binding energies of electrons were calibrated by a method described elsewhere. 11, 12) The angle between the specimen surface and the direction of the photoelectron to the detector (take-off angle) was fixed at 35
. Alloy compositions were estimated from the integrated XPS peak intensities by a method proposed by Asami and his co-workers [12] [13] [14] assuming uniform distribution of all the elements Ti, Zr, Cu, Pd, Sn and O in the surface film.
Results and Discussion

Formation and thermal stability
The XRD patterns of as-cast Ti 47:5 Zr 2:5þx Cu 37:5Àx Pd 7:5 Sn 5 (x ¼ 0; 5; 7:5) bulk glassy alloys with different sizes are shown in Fig. 1 . It is clear that only halo peaks appear in the XRD patterns of the examined alloys, indicating that a glassy phase is formed in the cast alloys.
The DSC curves of the Ti 47:5 Zr 2:5þx Cu 37:5Àx Pd 7:5 Sn 5 (x ¼ 0; 5; 7:5) bulk glasses alloys are shown in Fig. 2 . The glass transition temperature (T g ) and onset temperature of crystallization (T x ) marked by arrows appear in all alloys, demonstrating their glassy nature. The alloys exhibit two or three exothermic peaks depending on the concentration of Zr, indicating a multi-stage phase transformation. The critical diameter for each alloy and its corresponding thermal parameters are listed in Table 1 . It is seen that T rg ¼ T g =T l and ¼ T x =ðT g þ T l Þ, where T l is the liquidus temperature of the alloy, follow the glass-forming ability of the alloys shown by the critical diameter, suggesting that both T rg and are used to evaluate the glass-forming ability of this alloy system. The value of slightly increases with increasing Zr content, and reaches the maximum value of 0.385, when the Zr content is 10. It is obvious that the Zr partly substituting Cu for Ti-Cu-Zr-Pd-Sn bulk glassy alloys results in an increase of glass-forming ability caused by the significant reduction in liquidus temperature.
Potentiodynamic polarization curves
The potentiodynamic polarization curves of the Ti-based bulk glassy alloys at 37 C in Hanks' solution are shown in Fig. 3 . For the sake of comparison the data of pure Cu and commercial pure Ti were also included in the figure. With an increase of potential over corrosion potential, all the Ti-CuZr-Pd-Sn bulk glassy alloys show a passive region where the passive current density is lower than that of pure Ti (0.1 A/ m 2 ), indicating that the passive film formed on the surface of Ti-based bulk glassy alloys is more protective than that of pure Ti. While pure Cu was directly dissolved in the anodic region. The current density in the passive region and the pitting potential of the x ¼ 5 glassy alloy are lower and higher than those of the x ¼ 0 glassy alloy, respectively. The passive current density of the glassy alloy with Zr content of 10ðx ¼ 7:5Þ at the corrosion potential is about 10 À3 A/m 2 , which is much lower than the other two glassy alloys, indicating that the film formed on the surface of the glassy alloys with higher Zr contents is more protective. However, with further increasing anodic potential, the passivity breakdown occurred. The pitting potential increased with increasing Zr content. Optical micrographs of the surface of the x ¼ 7:5 glassy alloy before and after potentiodynamic Table 1 Critical diameters and thermal parameters of the Ti-based bulk glassy alloys. polarization testing are shown in Fig. 4 . It is clearly seen pits on the surface for the Ti 47:5 Zr 10 Cu 30 Pd 7:5 Sn 5 bulk glassy alloy after potentiodynamic testing. Furthermore, the corrosion potentials of the Ti-Zr-Cu-Pd-Sn bulk glassy alloys are much nobler than that of pure Ti. Tomashov et al. 15) found that the addition of small amount of Pd altered the cathodic process and resulted in a lower over-voltage for hydrogen evolution and as shift to the rest potential into the passive range.
The corrosion current density (I c ), which is proportional to the general corrosion rate, deduced from the intersection point of cathodic Tafel line and corrosion potential in polarization curves are also presented in potential and the pitting potential and decrease in both corrosion current density and passive current density.
Composition of surface film
For a better understanding of the corrosion behavior, the XPS measurement was performed for the samples after immersion in Hanks' solution at 37 C for 168 h. The XPS spectra of the Ti 47:5 Zr 2:5þx Cu 37:5Àx Pd 7:5 Sn 5 (x ¼ 0; 5; 7:5) alloys after immersion over a wide binding energy region exhibit peaks of carbon, oxygen, titanium, zirconium, copper and calcium as well as phosphorus. The C 1s peaks are from so-called contaminant carbon on the top surface of the specimens. All the oxygen comes from surface oxide. The O 1s spectra measured were composed of two peaks at ca. 530.1 eV and ca. 532.2 eV, which are assigned to OM oxygen and OH oxygen, respectively, where OM oxygen denotes oxygen with a metal-oxygen bond, such as O 2À ions and OH oxygen. The XPS spectra of Ti 2p, Cu 2p, Zr 3d, Pd 3d and Sn 3d peaks are composed of peaks corresponding to their oxidized states in the surface film and the metallic states in the underlying alloy surface. Besides alloy constituent elements, P 2p and Ca 2p spectra are also detected in the wide spectra for the surface of the glassy alloys after immersion in Hanks' solution. P 2p electron peak is obtained at ca. 133.8 eV, which is assigned to the P 2p electron from H 2 PO 4 or HPO 4 À , originating from the solution. It has been well known that calcium and phosphate ions in Hank's solution interact with the surface film on Ti alloys and change the surface properties. 15) In this study, about 5% of Ca and P are precipitated on the surface of the Ti-based glassy alloys, Co-existence of Ca and P can be prerequisite for the formation of hydroxyapatite. Hanawa et al. 16) observed that calcium phosphates were naturally formed on the surface of Ti and Ti-Al-V alloys in simulated body fluid. Ca 2þ and P 5þ ions in Hanks' solution selectively interact in TiO 2 surfaces immediately after immersion, causing a change in TiO 2 surfaces, which induce nucleation of calcium phosphates on the surface. 17) Figure 6 shows the relative concentration (defined as the ratio of the cationic fraction in the surface film to the bulk concentration) of the elements of alloy constituents calculated from the integrated intensity of XPS on the surface of 100µ µm ] denote the atomic concentration of element M in oxide (surface film) and bulk alloy, respectively. The values higher and lower than unity mean enrichment and deficiency, respectively. Comparing the changes in the element fractions of the surface film for different composition samples after immersion in Hanks' solution, it is seen that the Ti concentration is much higher than that of bulk composition in the alloys, mostly due to its high affinity with oxygen. In addition, the Zr content is also higher than that of the bulk alloys. The Cu relative composition is much lower than 1.0 and slightly decreased with the increasing of Zr because of Cu is unstable element in electrolytes open to air. As indicated by the result of polarization curves in Fig. 3 , much lower corrosion current densities and passive current densities have been obtained for the alloy with higher concentrations of Zr. It is noticed from the results above mentioned that the Ti 47:5 Zr 10 Cu 30 Pd 7:5 Sn 5 (i.e., x ¼ 7:5) alloy has the highest glass-forming ability and higher corrosion resistance within the examined specimens. Asami et al. 18) reported that Zr was enriched with addition of Nb in Cu-Zr-Ti bulk glassy alloy, and the high corrosion resistance obtained was ascribed to the formation of Zr-rich and Ti-rich surface film in Cl À ion containing solutions. The better corrosion resistance of ZrCu-Ni-Al glassy alloys in comparison with Zr-Ti-Ni-CuBe glassy alloys has also been reported in different solutions and the reason is attributed to higher amount of Zr 19) in the alloys. In this case, high concentrations of Ti and Zr have been obtained after immersion. Hence, the enrichment of Ti and Zr in the passive film is responsible to the higher corrosion resistance of the Ti-based glassy alloys in Hanks' solution.
It is well known that titanium oxides are very stable in many solutions. It is seen in Fig. 3 that at the initial stage of anodic polarization, specimens are all spontaneously passivated with low passive current densities. It would be due to the dense and protective film formed on the surfaces of the specimens, which is enriched with Ti and Zr. Although with the increase of anodic potential pitting corrosion is initiated, the pitting potentials are from 280 mV to 480 mV higher than the open circuit potentials for the different compositions, suggesting that the spontaneous pitting corrosion does not occur in the human body environment. 20) 
Conclusions
The Ni-free Ti 47:5 Zr 2:5þx Cu 37:5Àx Pd 
